Sorghum starch was modified using acetic anhydride at various levels (1.25-6.25 g/100 g of starch) and evaluated for its structure and functional properties. The acetylated starches showed degree of substitution and acetyl content between 0.05 to 0.081 and 1.31 to 2.1%, respectively. Acetylation led to surface roughness, formation of cavities and fusion of few starch granules, and a slight change in amylose content. Acetylation increased swelling power and solubility, and decreased gelatinization temperatures, enthalpy of gelatinization, paste viscosity, gel hardness, and syneresis. A change in starch structure was revealed in starches acetylated using acetic anhydride at ≥5.0% (w/w).
INTRODUCTION
Starches have possessed many diverse applications both in food production and industrial applications. But in the food industry, the use of native starches is limited because of their low shear stress resistance, thermal decomposition, high retrogradation, and syneresis. [1] Numerous chemical modification techniques have been used to prevent most of these problems and produce starches with improved functional properties. Acetylation, which is the esterification of starch polymers with acetyl groups to form starch acetates, [2] is one common starch modification technique. Acetic anhydride in the presence of alkaline agent, such as sodium hydroxide, is used to produce acetylated starches. [3] The number of acetyl groups incorporated into the starch molecule during acetylation depends upon number of factors, such as reactant concentration, starch source, [4] reaction time, and presence of catalyst. [5] Previous studies have reported improved freeze-thaw stability, resistance to retrogradation, decrease in gelatinization temperature, and increased clarity upon acetylation. [6] Acetylated starches are extensively used in a large variety of food and non-food applications. These include the use of acetylated starches in baked goods, ACETYLATED SORGHUM STARCH 313 canned pie fillings, sauces, retorted soups, frozen foods, baby foods, salad dressings, and snack foods, [7] and wrap-sizing for textiles and surface sizing for papers and gummed tape adhesives. [8] Sorghum (Sorghum bicolor (L) Moench), a member of the grass family, is an important cereal in semi-arid regions of the world because of its draught resistance. [9] India produces 7.40 × 10 6 metric tons of sorghum per annum and stands as the third largest producer in the world. [10] It is also referred to as "coarse grain" or "poor people crop" as it can sustain the lives of the poorest rural people. [11] Scientific information generated for this crop by carrying out relevant research work can certainly play a key role in agricultural development in the poorest countries of the world. [12] Furthermore, the commercial processing of sorghum into value-added products is an important driver for economic development in these regions. [13] Despite its importance, our knowledge about sorghum processing is limited as compared to other cereals. Moreover, sorghum being cheaper than corn is exploited as an alternative starch source [14, 15] for diverse industrial applications. Thus, the present study was undertaken to produce acetylated sorghum starches using acetic anhydride at different levels, with an objective to compare their functional properties with the native sorghum starch.
MATERIALS AND METHODS

Materials
Sorghum cultivar (M-35) was procured from the National Research Centre for Sorghum (NRCS), Hyderabad, India.
Starch Isolation
Starch was extracted by using the method of Beta et al. [16] Sorghum grain (100 g) was steeped in 200 ml of NaOH (0.25%, w/v) at 5
• C for 24 h. The steeped grains were washed and ground with an equal volume of water using a blender for 3 min. The slurry was filtered through a 200-mesh screen. The material remaining on the sieve was rinsed with water. Grinding and filtering processes were repeated on this material. After rinsing, the material still remaining on the sieve was discarded. The filtrate was allowed to stand for 1 h. The filtrate was centrifuged at 760 × g for 10 min. The grey colored, top protein-rich layer was removed using a spatula. Excess water was added to re-suspend the sample, and centrifugation was done for 5 min. Washing and centrifugation were repeated several times until the top starch layer was white. The starch was dried for 24 h at 40
• C.
Acetylation Treatment
The starch was acetylated using the method of Phillips et al. [17] Starch (100 g) was dispersed in distilled water (225 ml) and stirred for 1 h at 25
• C. NaOH (3%) solution was used to adjust the suspension pH to 8.0. Acetic anhydride (1.25, 2.5, 3.75, 5.0, 6.25 g) was added dropwise to the stirred slurry, while maintaining the pH within the range of 8.0-8.4 using 3% NaOH solution. The reaction was allowed to proceed for 10 min after the completion of acetic anhydride addition. The slurry was then adjusted to pH 4.5 with 0.5N HCl. After sedimentation, it was washed free of acid twice with distilled water and then oven dried at 40
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Acetyl (%) and Degree of Substitution
The percent acetylation (% acetyl) and degree of substitution (DS) were determined titrimetrically following the method of Wurzburg. [3] Acetylated starch (1.0 g) was placed in a 250 ml flask and 50 ml of 75% ethanol in distilled water was added. The loosely stoppered flask was agitated, warmed to 50
• C for 30 min, cooled, and 40 ml of 0.5 M KOH was added. The excess alkali was back titrated with 0.5 M HCl using phenolphthalein as an indicator. The solution was stood for 2 h and then any additional alkali, which may have leached from the sample, was titrated. A Blank, using the original unmodified starch, was also used.
Blank and sample were titration volumes in millilitre, sample weight was in gram. DS is defined as the average number of sites per glucose unit that posses a substituent group.
[18]
Fourier Transform Infrared (FT-IR) Spectra
The FT-IR spectra of native and acetylated starches were acquired on a Shimadzu FT-IR instrument (Shimadzu corporation, Kyoto, Japan) using a potassium bromide (KBr) disc containing 1% finely ground sample.
Amylose Content, Swelling Power, and Solubility
Amylose content of native and acetylated starches was determined by using the method of Williams et al. [19] Swelling power and solubility were determined using 2% aqueous suspension of the starch by the method of Leach et al. [20] 
Morphological Properties
Scanning electron micrographs of native and acetylated starches were obtained with a scanning microscope (Jeol JSM-6100, Jeol Ltd., Tokyo, Japan). Native and acetylated starches were suspended in ethanol to obtain 1% suspension. One drop of the starchethanol suspension was applied on an aluminum stub, and the starch was coated with gold-palladium (60:40). An acceleration potential of 10 kV was used during micrography.
X-Ray Diffraction
X-ray diffractograms of fully moistured starch granules (exposed to 100% relative humidity for three days) were recorded by a copper anode X-ray tube using an Analytical Diffractometer (Pan Analytical, Phillips, Holland). [21] The diffractometer was operated at 30 mA and 40 kV with a scanning speed of goniometer of 4
• /min.
Thermal Properties
Thermal properties of native and acetylated starches were analyzed using a DSC821e (Mettler Toledo, Switzerland) equipped with a thermal analysis data station. Starch (3.5 mg, dwb) was weighed in a 40 µl capacity aluminum pan (Mettler, ME-27331) and distilled water was added with the help of a Hamilton microsyringe to achieve a starchwater suspension containing 70% water. Samples were hermetically sealed and allowed to stand for 1 h at room temperature before heating in the DSC. The DSC was calibrated using indium and an empty aluminum pan was used as reference. The pans containing starch samples were heated at a rate of 10
• C/min from 35 to 100
• C. Onset temperature (T o ), peak temperature (T p ), conclusion temperature (T c ), and enthalpy of gelatinization ( H gel ) were calculated automatically. Enthalpies were calculated on starch dry basis.
Pasting Properties
The pasting properties of starches were evaluated with a Rapid Visco Analyser (RVA-4, Newport Scientific, Warriewood, Australia) using RVA TM Crosslinked and Substituted Method, No. 9, Version 4. [22] Starch (3 g, 14% mb) was weighed directly in the aluminum RVA sample can, and distilled water was added to a total constant sample weight of 28 g. A programmed heating and cooling cycle was used where the samples were held at 50
• C for 1 min, heated to 95
• C in 3.7 min, held at 95
• C for 2.5 min before cooling to 50
• C in 3.8 min, and holding at 50
• C for 2 min. Parameters recorded were pasting temperature (PT); peak viscosity (PV); hot paste viscosity (HPV) (minimum viscosity at 95
• C); cool paste viscosity (CPV) (final viscosity at 50
• C); breakdown (BD) (= PV -HPV); and set back (SB) (= CPV -HPV). All measurements were replicated thrice.
Instrumental Textural Properties
Textural properties of RVA starch gels [23] were evaluated using the TA/XT2 Texture Analyzer (Stable Micro Systems, Surrey, England). The starch slurry formed in the canister after RVA testing was covered and kept at 4
• C overnight and allowed to gel. The gel formed in the can (37 mm diam., 20 mm height) was used directly for texture analysis. The gels were compressed to a distance of 10 mm using a flat cylindrical probe (5 mm dia.) at a cross-head speed of 30 mm/min. The textural parameters of hardness, cohesiveness, springiness, gumminess, and chewiness were computed using a textural profile analysis. The average of 12 repeated measurements was reported.
Syneresis
Starch suspension (5%, w/w) was heated at 90
• C for 30 min in a temperature controlled water bath, followed by rapid cooling in an ice water bath to room temperature. The starch sample was stored for 24, 72, and 120 h at 4
• C. Syneresis was measured as amount of water (%) released after centrifugation at 3200 × g for 15 min.
Statistical Analysis
The data reported in Tables 1-4 and 6 are an average of triplicate observations. The data were subjected to statistical analysis using Minitab 14 Statistical Software (Minitab Inc., USA).
RESULTS AND DISCUSSION
Acetyl and DS
The DS indicates the amount of substituent introduced in the chemically modified starch during the reaction. DS and percentage acetylation (acetyl, %) increased from 0.050 to 0.081 and 1.31 to 2.10%, respectively, with the increase in the level of addition of acetic anhydride from 1.25 to 6.25 g/100 g ( Table 1 ). The increase in DS with acetic anhydride followed a linear increase with regression coefficient value of 0.968. Saartrat et al. [24] also observed a similar trend with increase in acetic anhydride level for canna starches. The acetyl (%) observed was less than the maximum permissible level of 2.5% permitted for use in food formulation. [25] Sodhi and Singh [26] reported acetyl content between 2.26 to 3.68% for acetylated rice starches prepared using 6% of acetic anhydride under reaction conditions similar to the present study. Acetyl content between 4.68 to 5.97% and 3.43 to 4.68%, respectively, for acetylated potato and corn starches, using 2 to 12% w/w acetic anhydride has been reported earlier. [4] Acetyl content of acetylated starches from other sources (potato, waxy corn, corn, wheat, field pea, and lentil) has been reported between 1.01 to 2.80% using 5 and 10% of acetic anhydride. [27] These differences in acetyl content may be due to the use of varied concentrations of reactants and the difference in starch structure from their botanical sources. The introduction of acetyl moiety during acetylation of starches was also substantiated using the FT-IR spectral analysis. An introduction of acetyl moiety through a band at 1735.8 cm -1 was observed for acetylated starches as compared to the native starch (Fig. 1) .
Physicochemical Properties
Amylose content of native sorghum starch was 18.7%, which increased to 19.5% upon acetylation with a maximum amount of acetic anhydride (6.25% w/w) ( Table 2 ). These observations are consistent with previous reports wherein an increase in amylose content upon acetylation of starches from Canavalis ensiformis, [28] corn, and potato [4] has been reported. Contrarily, a decrease in amylose content upon acetylation of rice [6] and jackbean [29] starches has also been reported. These different patterns may be attributed to the interference of acetyl group with the functioning of amylose and amylopectin fractions of starch affecting absorption of iodine during determination of amylose. [18, 28] Swelling power and solubility provide evidence of the magnitude of the interaction between starch chains within both the amorphous and crystalline domains. The extent of interaction has been reported to be influenced by the amylose to amylopectin ratio, as well as amylose and amylopectin characteristics in terms of molecular weight distribution, degree of branching, length of branches, and conformation of molecules. [30] Swelling power and solubility of native and acetylated starches ranged between 6.2 to 16.9 g/g and 11.9 to 14.7%, respectively. Acetylation significantly increased swelling power of starch, whereas solubility of starches acetylated with 3.75 g and higher amount of acetic anhydride were significantly higher than native starch. The changes in swelling power and solubility upon acetylation may be attributed to the introduction of hydrophilic substituting groups that retained water molecules to form hydrogen bonds in the starch granules. [28] Moreover, the access of water 318 SINGH, SODHI, AND SINGH molecules to the amorphous regions could have also been increased by the introduction of acetyl groups. A similar increase in swelling power and solubility upon acetylation has been reported in earlier investigations carried out on corn, [31] corn and potato, [4, 32] rice, [6, 26] potato, [33] wheat, [34] and sword bean [35] starches.
Morphological Properties
Scanning electron micrographs of native starch showed presence of irregular, elongated, and spherical shaped granules (Fig. 2) . Upon acetylation, a change in external morphology leading to surface roughness, formation of cavities, and fusion of few starch granules was observed. The size of granules was also observed to slightly decrease with the acetylation treatment. These changes may be attributed to the gelatinization of the surface of starch granules with NaOH during the acetylation treatment. Surface roughness caused by acetylation of starches of corn, potato, [32] and rice starches [6] has been reported earlier. However, in some studies no significant effect of acetylation on external morphology except aggregation of few granules has been observed. [4, 26] The aggregation of granules observed in the present study may be attributed to the introduction of hydrophilic groups to the starch molecules. [4] X-Ray Diffraction X-ray diffractograms of native starch showed a typical A-type pattern (Fig. 3) . Acetylation of starch with acetic anhydride up to 3.75 g/100 g of starch level did not show any significant change in the diffraction patterns. Similar observations have been reported earlier for acetylated corn, [36] new cocoyam, [37] and waxy maize starches. [38] A peak observed around 22.5
• was broadened upon acetylation with 5 g/100 g acetic anhydride, which changed to dual peak upon acetylation with 6.25 g/100 g. It seems that the introduction of acetyl group up to 1.59% did not bring any change in structure of crystals. Contrarily, a change from B to C pattern upon acetylation of sword bean starch has been reported earlier. [35] Thermal Properties DSC results of native and acetylated starches are shown in Table 3 . 
76.16
• C, respectively. T o , T p , and T c of acetylated starches ranged between 63.3 to 67.9, 67.6 to 71.25, and 72.3 to 75.51
• C, respectively. H gel of native starch was 11.47 J/g, which decreased to 11.32, 9.45, and 9.35 J/g, respectively, upon the addition of 1.25, 3.75, and 6.25 g of acetic anhydride per 100 g of starch, respectively. The decrease in T o , T p , T c , and H gel upon acetylation of starch from rice, [26, 39] hybrid maize, [40] corn and potato, [4, 32] jack bean, [29] and pea [41] starches has already been reported. Lawal [40] attributed these Acetic anhydride (w/w) changes to the introduction of bulky groups in the backbone of the biopolymer, which enhances structural flexibility. Moreover, these acetyl groups may have also caused destabilization of granular structure, resulting in a decrease in gelatinization temperature. [34] Pasting Properties
The pasting properties are dependent on the rigidity of starch granules, which in turn effect the granule swelling potentials [42] and amount of amylose leaching out in the solution. [43] PV, HPV, and CPV progressively decreased with increase in the concentration of acetic anhydride used (Table 4) . A decrease in PV upon acetylation has been reported earlier for jack bean, [29] cassava, [44] new cocoyam, [37] hybrid maize, [40] and canna starches. [24] The decrease in PV may be attributed to a change in hydrophilicity of the starch, resulting due to disruption of inter and intra molecular hydrogen bonds by introduction of acetyl groups. However, an increase in PV upon acetylation has also been reported for wheat, potato and maize, [45] rice, [26] pea and waxy maize, [46] normal maize, [31] and waxy corn hybrid starches. [47] The results indicated that the change in PV with acetylation mainly varied with the source of starch. [24] HPV, which is reported to be influenced by the rate of amylose exudation, amylose-lipid complex formation, granule swelling, and competition between exudated amylose and remaining granules for free water, [48] also decreased upon acetylation. Acetylated starches also showed a significant reduction in BD, which is a measure of fragility of starch. [49] The same may be attributed to the degradation caused to the acetylated starch during the modification process. [29] SB was also expected to decrease following acetylation because of prevention of close parallel alignment of amylose chains due to acetyl groups. However, such an effect was not observed during the cooling period. Hoover and Sosulski [50] suggested that the increased amylose exudation and the shearing action of the blades might have nullified any steric effects of acetyl groups in lowering SB. Acetylated starches prepared using ≥3.75 g of acetic anhydride showed significantly lower PT as compared to native starch, indicating their usefulness in reducing the energy demands during processing. [28] 
Instrumental Textural Properties
The textural parameters of native and acetylated starch gels differed significantly (Table 5 ). Native starch gels showed hardness, gumminess, and chewiness of 49.3 g, 14.84 g, and 13.95 g, respectively. The gels of acetylated starches showed significantly lower hardness, gumminess, and chewiness as compared to native starch gel. These changes caused by acetylation were observed to depend upon the DS and acetyl content of the starch. Acetylated starch with DS and acetyl content of 0.05 and 1.31%, respectively, showed hardness, gumminess, and chewiness of 37.7 g, 14.36 g, and 13.21 g against 12.8 g, 6.96 g, and 6.62 g for acetylated starch with DS of 0.081 and acetyl content of 2.1%. Gel strength has been reported to mainly depend upon the extent of amylose gel network and deformability of swollen granules. [51] Therefore, a decrease in gel strength is caused by the inhibition of amylose gel network formation because of the introduction of acetyl groups into starch molecules. A similar effect of acetylation on gel strength of corn, [31] rice, [26] and canna starches [24] has been reported earlier. 
Retrogradation Properties
The retrogradation tendency of native and acetylated starch gels was measured by determining syneresis (%) during storage up to 120 h at 4
• C. The syneresis of gels from native and acetylated starches progressively increased with the increase in storage duration (Table 6 ). Perera and Hoover [52] attributed the increase in syneresis during storage to interaction between leached out amylose and amylopectin chains. Acetylation considerably reduced the syneresis (%) and negligible release of water was observed even after 120 h of storage at 4
• C at 6.25 g level of acetic anhydride. The significant reduction in syneresis among acetylated starches may be attributed to the introduction of acetyl groups. This improvement in water retention capacity has been attributed to impediment of interchain interaction between the macromolecules by acetyl groups. [24] González and Pérez [6] reported that the prevention of alignment and association between starch molecules by acetyl groups has led to reduced retrogradation tendency in acetylated rice starch. Moreover, the syneresis results obtained in the present study more clearly supports the effectiveness of acetylation in reducing the retrogradation than set back data obtained using RVA.
CONCLUSION
The acetylated sorghum starches prepared using varying levels of acetic anhydride showed significant differences in their functional properties. The results revealed that with the increase in levels of acetylation, swelling power and solubility increased, whereas gelatinization temperatures, enthalpy of gelatinization, paste viscosity, gel strength, and retrogradation reduced significantly. Hence, sorghum starch with desirable functional properties suitable for a particular application in a processed food industry could be prepared by critically selecting the level of acetylation.
